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Focal adhesionRandomly spread ﬁbroblasts on ﬁbronectin-coated elastomeric membranes respond to cyclic strain by a varying
degree of focal adhesion assembly and actin reorganization. We speculated that the individual shape of the cells,
which is linked to cytoskeletal structure and pre-stress, might tune these integrin-dependentmechanotransduction
events. To this aim, ﬁbronectin circles, squares and rectangles of identical surface area (2000 μm2) were micro-
contact printed onto elastomeric substrates. Fibroblasts plated on these patterns occupied the corresponding shapes.
Cyclic 10% equibiaxial strain was applied to patterned cells for 30min, and changes in cytoskeleton and cell-matrix
adhesions were quantiﬁed after ﬂuorescence staining. After strain, megakaryocytic leukemia-1 protein translocated
to the nucleus in most cells, indicating efﬁcient RhoA activation independently of cell shape. However, circular and
square cells (with radial symmetry) showed a signiﬁcantly greater increase in the number of actin stress ﬁbers and
vinculin-positive focal adhesions after cyclic strain than rectangular (bipolar) cells of identical size. Conversely, cyclic
strain induced larger changes in pY397-FAK positive focal complexes and zyxin relocation from focal adhesions to
stress ﬁbers in bipolar compared to symmetric cells. Thus, radially symmetric cells responded to cyclic strain with
a larger increase in assembly, whereas bipolar cells reacted with more pronounced reorganization of actin stress
ﬁbers and matrix contacts. We conclude that integrin-mediated responses to external mechanical strain are
differentiallymodulated in cells that have the same spreading area but different geometries, and do not only depend
on mere cell size.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Cells within tissues are under tight regulation of the extracellular
matrix (ECM), which provides an exoskeleton for them to attach, to
move around, and to perform the functions required for their own
survival and to maintain tissue homeostasis [1,2]. Within tissues, cells
have to withstand mechanical forces that are exerted by various
physiological processes, starting from embryonic development to
regular body functions in adults [3,4]; a prominent example is the,6-diamidino-2-phenylindole;
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sense the strains in the ECM generated by mechanical stresses, and
respond to them by remodeling their cytoskeleton and the matrix
around them in order to maintain tissue integrity. Many studies have
shown how cultured cells react to cyclic strain and shear stress. In
order to understand how cells respond to mechanical stimulation,
they are grown on ECM-coated elastomeric membranes and subjected
to uniaxial or biaxial cyclic strain for various time intervals in vitro.
Fibroblasts, endothelial, and smooth muscle cells are favored for such
studies; uniaxial strain causes the actin cytoskeleton to reorganize
perpendicular to the direction of stress [7], whereas a reverse pattern
is seen in endothelial cells subjected to ﬂuid shear stress, which
reorganize their cytoskeleton parallel to the ﬂow direction [8,9].
Changes in the actin cytoskeleton in response to external strain
depend on integrin and RhoA signaling [10–13]. Cell matrix adhesions
are the expected sites where force is transmitted from ECM to
cytoskeleton [14]. During cell adhesion, ﬁrst contact with ECM leads to
recruitment of integrins at these sites, primarily classiﬁed as focal
complexes [14]. The clustering of integrins is linked to recruitment of
focal adhesion kinase (FAK) at the cell periphery [15]. Focal adhesion
kinase is not required for the formation of matrix adhesions, but is
essential for their dynamics and turnover [16]. FAK is activated by
autophosphorylation at Tyr397, either upon integrin clustering in
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acting on matrix adhesions [17]. Inhibition of RhoA/ROCK before
applying strain abolishes FAK phosphorylation [18]. Tensile strain-
induced FAK phosphorylation leads to the activation of Rac1 and the
formation of lamellipodia [15], and FAK null ﬁbroblasts fail to respond
to mechanical cues by cell reorientation [7]. External and/or cellular
forces are required for RhoA/mDia1 dependent maturation of transient
focal complexes into more stable focal adhesions [19], which is
characterized by docking of various other focal adhesion associated
proteins at the adhesion sites such as talin, paxillin, vinculin and tensin
[14], and by an increase in membrane–cytoskeleton interactions. The
linking of actin ﬁlaments with the focal adhesion plaque generates an
inward pull, thus activating vinculin by a conformational switch,
which helps in further growth and stabilization of the anchorage site
[20]. External tensile force activates the small GTPase RhoA leading to
changes in actin cytoskeleton dynamics [10,12,21], whereby mDia1
promotes actin assembly, and Rho-dependent kinase ROCK triggers
stress ﬁbre contraction [22]. RhoA-mediated F-actin assembly leads to
translocation of megakaryoblastic leukamia-1 protein (MKL-1/MRTF-
A/MAL) to the nucleus, where it acts as transcriptional co-activator of
serum response factor (SRF) [23] or as bona ﬁde transcription factor
[24] for the expression of speciﬁc mechanoresponsive genes. Others
and we reported that tensile strain induces nuclear translocation of
MKL-1 in a RhoA-dependent manner [13,25,26]; hence this process
can be considered an optical readout for RhoA activation in response
to external strain.
Actin remodeling in response to external strain involves not only
assembly and contraction, but also reorganization and repair. A con-
siderable interest has been focused on mechanosensitive properties of
the focal adhesion associated LIM protein, zyxin, in recent years. In
resting cells, zyxin is predominantly localized at focal adhesions [27],
where it interacts with the stretch-sensing protein p130Cas [28]. This
and the fact that zyxin promotes actin polymerization [29] suggest a
role in strain-induced reorganization of the actin cytoskeleton [30].
Indeed, uniaxial cyclic strain of high intensity leads to a rapid re-
distribution of zyxin from focal adhesions to stress ﬁbers in both
ﬁbroblasts and endothelial cells [31]. The protein appears to be crucial
for stress ﬁber stabilization and repair in response to excessive
strain, since this process is compromised in zyxin-deﬁcient ﬁbro-
blasts [32].
We have previously obtained preliminary evidence that the extent of
RhoA-dependent responses of ﬁbroblasts to cyclic substrate strain
depends on the state of the actin cytoskeleton at the time when the
mechanical stimulus is applied [11,12]. When ﬁbroblasts are plated
in vitro on ﬂat substrates, they assume random shapes and thus are
very heterogeneous to each other with respect to how their actin cyto-
skeleton is structured. This heterogeneity in cytoskeletal arrangements
appears to lead to different kinds of responses to external mechanical
stimuli, whereby certain ﬁbroblasts assemble many stress ﬁbers and
contract heavily upon cyclic strain compared to others [11,12]. The
structure of the actin cytoskeleton determines cell shape and vice-versa
[33], and cytoskeletal pre-stress generated by actomyosin-dependent
traction force is known to be correlated with cell shape [34]. We
therefore hypothesized that the speciﬁc RhoA- dependent responses of
an individual cell to external substrate strain depend on its shape and
pre-stress at the time when strain is applied.
Surface micro-patterning provides a unique possibility to create
uniform cell shapes for in vitro culture and to explore the basics behind
cell–matrix interactions. Micro-contact printing is a soft lithography
technique, which is the most practicable method to apply designed
protein patterns on a wide range of culture substrates. Cells adhere on
patches printed on the substrate with ECM protein, and adapt their
shape accordingly [33,35,36]. To test our hypothesis, we printed
ﬁbronectin islands of different shapes – circles, squares, and rectangles –
of 1:2 and 1:4 aspect ratio onto silicone elastomer membranes. To rule
out effects of different cell size, all ﬁbronectin patches had a ﬁxed areaof 2000 μm2, which allowed extensive spreading of ﬁbroblasts while
still conﬁning their shape. Cells attached to these geometries were
then subjected to cyclic equibiaxial strain for 30 min at 0.05 Hz on a
custom-made device [37]. Changes in MKL-1 distribution, cell–matrix
adhesions, and the actin cytoskeleton were monitored by immuno-
ﬂuorescence methods. The results obtained from this study indicate
that RhoA-mediated responses to cyclic strain differ in magnitude as
well as quality depending on whether a cell has a radially symmetric
or bipolar shape.
2. Materials and methods
2.1. Photolithography
We designed a silicon master containing repetitive ﬁelds of desired
geometries and dimensions by conventional photolithography process.
The silicon wafer was primed with hexamethyldisiloxane (HMDS)
followed by spin coating a 1.5 μm thick layer of AZ® 1512
(MicroChemicals GmbH, Ulm, DE) positive photoresist at 3000 rpm for
90 s. The wafer was then soft baked at 112° C for 90 s and the micro-
patterns were transferred on the resist with the i-line of an Hg lamp
through a Cr mask at a dose of 90mJ/cm2 using an MJB4 mask aligner
(SÜSS MicroTec, Garching, Germany). The exposed resist layer was
developed for 55 s in 100 ml of MicropositTMMFTMCD-26 developer
(Shipley, Marlborough, MA, USA). The desired pattern was ﬁnally
transferred to the silicon wafer and etched to a depth of 15 μm by a
BOSCH etching process using SF6 and C4F8 plasma (Alcatel 601 E,
AMMS, Annecy, France). The remaining photoresist was stripped with
an oxygen plasma cleaner for 7 min (Tepla 300, PVA TePla, Kirchheim,
Germany). The ﬁnal master has ﬁelds of circular, square, and rectangular
(1:2 and 1:4) wells of 2000 μm2 in area etched in it as summarized in
Fig. 1A. Before using the Si master as a mold for the production of PDMS
stamps, it was silanized by placing it overnight in a vacuum desiccator
along with few drops of trichloro-(1H,1H,2H,2H-perﬂuorooctyl)-silane
(Sigma–Aldrich GmbH, Buchs, Switzerland).
2.2. Micro-contact printing
Themicro-contact printingwas carried out by a conventional protocol
used before in several studies [38]. The elastomeric PDMS stamps were
made out of Sylgard 184 (Dow Corning, Seneffe, Belgium) by mixing
base and cross-linker at ratio 1:10 (w/w) and rendered hydrophilic by
treating with air plasma for 30s using a portable corona-system (‘Plasma
Pen’- model BD20V; Electro-Technic Products Inc., Chicago, Illinois, USA).
The stamps were ‘inked’ with 50 μg/ml gelatin-afﬁnity puriﬁed horse
serum ﬁbronectin [26], which in some experiments was labeled with
Alexa Fluor® 350 (Molecular Probes; Life Technologies, LuBioScience,
Lucerne, Switzerland) for 1h. The ﬁbronectin solution was removed and
the surface was dried with a ﬂow of nitrogen. The desired geometries
were then printed on stretchable silicone membrane (0.05”, gloss/gloss;
Specialty Manufacturing Inc., Saginaw MI, USA). To obtain reliable
printing, it was important to previously render the silicone membrane
hydrophilic by plasma treatment (see above). This printed membrane
was then mounted on a custom-made stretching device [37] and the
surrounding area of ﬁbronectin patterns was blocked by 1% bovine
albumin serum (BSA; Merck, Darmstadt, Germany) in phosphate-
buffered saline (PBS; 150 mM NaCl, 20 mM Na-phosphate, pH 7.4) to
prevent non-speciﬁc cell adhesion. The substrate was rinsed with PBS
and serum free Dulbecco's Modiﬁed Eagle's Medium (DMEM; Gibco,
Life Technologies, LuBioScience, Lucerne, Switzerland) before plating of
cells.
2.3. Cell culture and mechanical stressing
A clonal mouse embryonic kidney ﬁbroblast cell line (MEFs) was
used for all experiments [26]. Cells were maintained at 37 °C in
Fig. 1. Schematic representation of cellular geometries used for cyclic strain experiments.
(A) To force cells into different shapes of identical area (2000 μm2), we selected
geometries of circles (51 μm diameter), squares (45 × 45 μm), and rectangles of aspect
ratio 1:2 (32 × 63 μm) and 1:4 (22 × 89 μm). Fibronectin patches of the respective
geometries were printed on stretchable Silicone membranes by micro-contact printing.
(B) Plated cells acquired the provided geometries after 1 h of culture under normal
conditions, and most cells maintained their shapes with minor retractions upon 3 h
incubation in DMEM containing 0.3% FCS, as observed after ﬁxation and staining with
phalloidin. Half moon-shaped or triangular cells that covered only part of a ﬁbronectin
patch were excluded from the analysis. (Scale bar 50 μm).
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fetal calf serum (FCS; Gibco, Life Technologies, LuBioScience, Lucerne,
Switzerland) and 1% Antibiotic–Antimyocotic mixture (Gibco, Life
Technologies, LuBioScience, Lucerne, Switzerland). At 80% conﬂuency
cells were harvestedwith 0.05% trypsin-EDTA (Gibco, Life Technologies,
LuBioScience, Lucerne, Switzerland) and re-suspended in DMEM
containing 10% ﬁbronectin depleted FCS (obtained by passage over
Gelatin-agarose column; SIGMA–Aldrich, Buchs, Switzerland) [26].
Cells were seeded onto micro-contact printed stretchable silicone
membrane at a density of 2 × 103 cells/ml and cultured at 37 °C with
6% CO2 for the next 2 h to ensure good cell spreading on patterned
ﬁbronectin substrates. In order to minimize cytoskeletal activities, the
medium was changed to DMEM containing 0.3% ﬁbronectin depleted
FCS, and cell culture was continued under these conditions for the
next 4 h. Cells were then either left at rest (control) or subjected to
10% cyclic equibiaxial strain at 0.05 Hz (90 cycles) for 30 min under
the same incubation conditions (for details on the design and validation
of the stretching device, see [37]). Unless speciﬁed otherwise, strained
and unstrained cells were immediately ﬁxedwith 4% paraformaldehydein PBS for 5min andwashedwith PBS at 4°C before immunostaining. In
some experiments, strained samples were further incubated for 1 h
before ﬁxation and staining for MKL-1 (see below; Section 3.2).
In order to see the effects of inhibition of actomyosin contraction on
the response to strain, cells cultured on micro-patterns were treated
with ROCK inhibitor Y-27632 (2 μM; Calbiochem, Merck chemicals,
Nottingham, UK) for 30min before applying mechanical strain.2.4. Immunoﬂuorescence staining
Substrateswith ﬁxed cellswere permeabilizedwith 0.5% Triton X-100
diluted in PBS at 4 °C for 5min followed by blocking the sample with 1%
BSA in PBS at room temperature. Samples were then incubated for 1 h
with either of the following primary antibodies diluted in PBS: vinculin
1:500 (mouse monoclonal, SIGMA–Aldrich, Buchs, Switzerland), zyxin
1:200 (mouse monoclonal IgG; SySy, Göttingen, Germany), p-FAK 1:200
(mouse IgG, BD Biosciences, Basel, Switzerland), α5 integrin 1:200 (rat
IgG, BD Biosciences), MKL-1 1:20 (Alexa Fluor® 488 labeled mouse
monoclonal antibody 65F13 [13]). Prior to adding secondary antibodies,
samples were washed three times with 0.5% Tween-20 diluted in PBS.
Samples were further incubated for 1 h with TRITC- phalloidin (Sigma–
Aldrich, Buchs, Switzerland) at a concentration of 1 μg/ml along with
secondary antibodies diluted in PBS: either Alexa Fluor® 488 or 568
goat anti-mouse IgG 1:500 (Invitrogen; Life Technologies, LuBioScience,
Lucerne, Switzerland), Alexa Fluor® 488 goat anti-rat IgG 1:500
(Invitrogen; Life Technologies, LuBioScience, Lucerne, Switzerland),
Alexa Fluor® 568 goat anti-rabbit IgG 1:200 (Invitrogen; Life Technol-
ogies, LuBioScience, Lucerne, Switzerland). Cells were washed three
times with 0.5% Tween-20 and mounted on microscope slide with DAPI
(Roche, Basel, Switzerland) at a concentration of 1 μg/ml in 90%
glycerol/PBS mounting agent and stored at 4 °C until imaging.2.5. Image acquisition and image analysis
Cells were examined under an Olympus BX-51 phase/ﬂuorescence
inverted microscope with 40×/0.75 NA objective by using a xenon
lamp (X-Cite, series 120PC Q, Ontario, Canada), and ﬂuorescencemirror
series from Olympus: ﬁlter no. U-MWIBA3 for AlexaFluor 488, ﬁlter no.
U-MWIGA3 for Alexa Fluor 568 and TRITC, ﬁlter no. U-MNUA2 for DAPI.
Images were captured by ProgRes CapturePro software with a ProgRes
CT3 camera with CMOS sensor (Jenoptik, Jena, Germany). Respective
features within the cells were traced manually in Adobe Photoshop
CS4 using a graphic tablet, and further image analysis was performed
in ImageJ (a free software available at http://rsb.info.nih.gov/ij/index.
html). To validate the manual tracing method, duplicate experiments
were evaluated blindly by a person unrelated to the project, and very
similar results were obtained (Supplementary Figs. S1, S2). Automated
thresholding of the images to quantify features proved to be unreliable,
because cells on patterns were less ﬂat than cells on conventional
substrates, and therefore exhibited increased perinuclear background
staining.2.6. Statistics
Statistical signiﬁcance between the four geometrieswas determined
by performing two-way ANOVA by Turkey's multiple comparison test.
Signiﬁcant differences between ‘Rest’ and ‘Strain’ datasets were
calculated by two-tailed unpaired t-test using Prism6 Graph-
pad software. Data showing p b 0.05 were considered signiﬁcant
(***pb0.001; **pb0.01; *pb0.05). Error bars in graphs indicate standard
error of the mean (s.e.m.). Generally, data presented in each ﬁgure are
from one representative experiment where the sample size (n) was at
least 30 cells per each condition; each experiment was duplicated
once or twice with similar results (see Supplementary Figs. S1 and S2).
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3.1. Micro-contact printing and mechanical loading of cells
To conﬁne the shape of spreading ﬁbroblasts, adhesive ﬁbronectin
patches of different geometries were printed on stretchable PDMS
membranes by soft lithography (see Materials and methods, 2.2). The
geometries used here had a constant area of 2000 μm2 but varied in
shape and dimension: circles of 51 μm in diameter, squares
(45×45 μm), rectangles of 1:2 aspect ratio (63×32 μm), and elongated
rectangles of 1:4 aspect ratio (89 × 22 μm) (Fig. 1A). In preliminary
experiments, an area of 2000 μm2 for the ﬁbronectin patterns was
found to be optimal, since it allowed extensive spreading of ﬁbroblasts
but still conﬁned their shape to the patterns. On smaller areas, cells
were more rounded and their responses to cyclic strain were much
reduced, whereas on larger patches they started moving along the
edges and assumed irregular shapes (not shown). Mouse embryonic
ﬁbroblasts (MEFs) seeded on the ﬁbronectin patches occupied the
given shapes within 1 h of culture in medium containing 10% FCS. In
high serum where RhoA is fully activated, cells already exhibited a high
number of stress ﬁbers and focal adhesions, and cyclic strain could not
induce signiﬁcant RhoA-dependent responses (Supplementary Fig. S3).
In order to minimize cytoskeletal dynamics and induce a resting state
on these geometries prior to applying cyclic strain, cells were therefore
subjected to low serum medium (0.3% FCS) and cultured for an
additional 3 h. During this period cells slightly retracted from the edges
of the patches as evident from concavemargins. However, after applying
cyclic equibiaxial strain (10%, 0.05Hz) for 30min, cells tended to expand
again and took upmost of the ﬁbronectin patch. The proportion of single
ﬁbroblasts taking up an entire patch was sufﬁcient to perform cyclic
strain experiments and to analyze data. Cells occupying only part of the
geometries (triangular shape on squares or rectangles, half-moon
shape on circles; c.f. Fig. 1B) were excluded from the analysis.3.2. Cyclic biaxial strain induces distinct patterns of stress ﬁber formation
and reorganization depending on deﬁned cell geometry
Cyclic substrate strain activates RhoA/ROCK dependent remodeling
of actin bundles [12]. Fibroblasts spreadon conﬁned geometries showed
a reduced amount of stress ﬁbers after 3 h in medium containing low
(0.3%) serum (Fig. 2A). Upon 10% equibiaxial strain for 30 min in the
same medium, newly formed stress ﬁbers were arranged in distinct
patterns depending on the geometric features of the cells. On circular
patches, strained cells showed a variety of stressﬁber assembly patterns
[39]: straight centripetal stress ﬁbers, which were interconnected by
transverse arcs of actin bundles, and a third type of stress ﬁbers that
formed along concave cell margins (Fig. 2A). On squares, cells after
strain mainly produced long thick stress ﬁbers that ran diagonally as
well as straight along the margins, connecting adjacent corners
(Fig. 2A). Rectangles of aspect ratio 1:2 showed stress ﬁbers on both
long and short margins and also in the diagonal (Fig. 2A). In contrast,
strained cells on 1:4 rectangles often arranged thick stressﬁbers parallel
to each other along the major axis of the geometry (Fig. 2A).
Quantitative analysis showed a 2-fold increase in the total number of
stress ﬁbers after cyclic strain in ﬁbroblasts with radial symmetry (on
circles and squares), whereas bipolar cells (on 1:2 and 1:4 rectangles)
showed only a small difference after strain (Fig. 2B). For circular, square,
and 1:2 rectangular cells the strain-induced increase in total length of
stress ﬁbers per cell correlated with their increase in numbers
(Fig. 2C), whereas the average length per single stress ﬁber did not
change. Thus, in these cells cyclic strain induced the assembly of new
stress ﬁbers of similar length. In contrast, in elongated 1:4 rectangular
cells a small increase in stress ﬁber number was balanced by a decrease
in their average length after cyclic strain. Since there was no net
increase in total stress ﬁber length per cell, this points to reorganizationof existing rather than assembly of new stress ﬁbers in elongated cells
after strain.3.3. Cell shape dependent focal adhesion assembly correlates with stress
ﬁber modulation upon cyclic strain
It is known that either cytoskeletal or external forces are required for
maturation and stabilization of focal adhesions [40,41]. Fig. 3A shows
the same individual cells as shown in Fig. 2A (actin labeling), which
were double-immunostained for vinculin-rich focal adhesions and
again traced for quantitative analysis. Radially symmetric cells (on
circles and squares) showed a robust N7-fold increase in number of
focal adhesions after cyclic strain, whereas for bipolar cells (on
rectangles 1:2 and 1:4) the difference was only 2–3 fold (Fig. 3B). The
total focal adhesion length per cell paralleled the increase in focal
adhesion number (Fig. 3C),whereas the length per single focal adhesion
did not change much after strain regardless of cell shape differences
(Fig. 3D). This indicated that the surge in total focal adhesion length
per cell was due to an increase in adhesion number rather than size.
When comparing cells on distinct geometric patterns, new assembly
of centripetal focal adhesions was seen after strain over the entire
margin of circular cells (Fig. 3A). In contrast, on squares new focal
adhesions were mainly formed on the four corners, producing strong
anchor points for stress ﬁbers (c.f. Figs. 2A, 3A). After cyclic strain,
elongated cells on rectangles 1:4 arranged mature focal adhesions
mainly at the short sides of the rectangles, anchoring long stress ﬁbers
that run parallel to the major axis (c.f. Figs. 2A, 3A), but they also
showed a few new smaller focal adhesions along their major axis
(Fig. 3A).3.4. Nuclear translocation of MKL-1/MAL upon cyclic strain
MKL-1 is a co-activator of serum response factor (SRF), which
translocates to the nucleus upon Rho-A/ROCK dependent changes in
the actin cytoskeleton [23]. For ﬁbroblasts subjected to 10% equibiaxial
cyclic strain in low serum, it has been shown that RhoA is activated
within 5–10 min and MKL-1 translocates to the nucleus within 30–
60 min [13]. In our model, when single ﬁbroblasts on ﬁbronectin
micro-islands were maintained for 3h in medium containing 0.3% FCS,
MKL-1 remained primarily in the cytosol in 70–85% of the cells
regardless of geometric differences (Fig. 4). When these cells were
subjected to 10% cyclic strain for 30min and ﬁxed 30min later, MKL-1
staining showed a shift in its distribution towards the nucleus in the
majority of cells (65–80%) regardless of shape differences (Fig. 4).
Since MKL-1 nuclear translocation has been shown to depend on
RhoA activation [26], we conclude that RhoA is efﬁciently stimulated
by cyclic strain, independently of cell shape.3.5. ROCK inhibition abolishes changes in cytoskeleton and focal adhesion
assembly upon strain on all geometries
ROCK, a major target of RhoA, increases acto-myosin contractility,
which induces stress ﬁber formation and focal adhesion maturation
[42,43]. We treated ﬁbroblasts attached to ﬁbronectin micro-islands
with small concentrations of ROCK inhibitor Y-27632 in order to check
whether cell shape-speciﬁc cytoskeletal changes in response to
mechanical loading were abolished. After incubating cells with 2 μM
Y-27632 for 30 min, existing stress ﬁbers and focal adhesions were
somewhat diminished but still observable in unstressed samples on all
geometries (Fig. 5).When these ﬁbroblastswere subjected to 10% cyclic
strain for 30min, both radially symmetric and bipolar failed to show the
distinct cell shape dependent cytoskeletal and focal adhesion changes
seen in the absence of ROCK inhibition (Fig. 5).
A1:4
1:2
Square
Circle
REST STRAIN
REST
STRAIN
B
C
D
Fig. 2. Stress ﬁber assembly upon cyclic strain depends on ﬁbroblast shape. (A) Phalloidin staining of representative cells (A; upper panels) shows the differences in actin cytoskeleton
before and after strain. Stressed and unstressed cells of respective geometries are grouped together along with manual tracings of stress ﬁbers (lower panels). (B) Cells with radially
symmetric shape (on circles and squares) showed a more than 2-fold increment in the number of actin stress ﬁbers compared to cells at rest, whereas cells with bipolar shape (on
rectangles) showed a less signiﬁcant increase in stress ﬁber number. (C) A 2.5-fold increase in total stress ﬁber length per cell upon strain on symmetric shapes corresponded to the
increase in stress ﬁber number, but the length per stress ﬁber (D) remained roughly the same on all geometries except for elongated cells. Error bars indicate standard error of the
mean, n=30 (***p b 0.001; **p b 0.01; *p b 0.05). (Scale bar 50 μm).
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Mechanical force promotes integrin clustering [44]. FAK is recruited
at integrin assembly sites and activated by autophosphorylation at
tyrosine 397 (p-Y397). The increase in p-FAK prior to modulations in
focal adhesions indicates its role in focal adhesion turnover [45].
When ﬁbroblasts were subjected to 10% cyclic strain, staining for p-
Y397 FAK-positive aggregates showed a N2-fold increase in number
on rectangular cells (Fig. 6B), which correlated with a similar increasein the total aggregate area per cell (Fig. 6C). Thus despite of a signiﬁcant
increase in the number of p-FAK aggregates per elongated cell, their
area did not signiﬁcantly increase upon strain (Fig. 6D). Interestingly,
new p-FAK aggregates were enriched along the longer margins of the
strained rectangular cells (Fig. 6A). In circular cells, a similar over 2-
fold increase in the total area of p-FAK-positive aggregates upon strain
(Fig. 6D) was mainly due to an increase in size (Fig. 6C) rather than
number (Fig. 6B). On the other hand, square cells showed a higher
number of p-FAK aggregates at rest compared to other geometries and
A1:4
1:2
Square
Circle
REST STRAIN B
C
REST
STRAIN
D
Fig. 3. Changes in focal adhesions upon cyclic strain depend on ﬁbroblast geometry. (A) Changes in focal adhesion reorganization andmaturation after strain correlatewith corresponding
changes in the actin cytoskeleton. Focal adhesions were stained for vinculin (upper panels) and analysis was done by manually tracing them (lower panels). A 7-fold increase in the
number of focal adhesions (B) and in their total length per cell (C) was observed on radially symmetric shapes after strain, whereas the differences were smaller (2–3 fold) for cells on
rectangles. (D) There was only a small (ca. 20%) decrease in length per focal adhesion on circles, squares and 1:4 rectangles upon strain. Error bars indicate standard error of the mean,
n=30 (***p b 0.001; **p b 0.01; *p b 0.05). (Scale bar 50 μm).
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indicate differential effects of cyclic strain on focal adhesion turnover
depending on cellular geometry.
3.7. Zyxin relocates from focal adhesions to actin stress ﬁbers in elongated
cells upon strain
Uponmechanical stimulation, the adaptor protein zyxin can relocate
from focal adhesions to actin ﬁlaments [27,30,31,46]. We tested
whether this process depended on cell shape. Patterned cells were
subjected to cyclic strain as above, ﬁxed, and stained with zyxin
antibody. Labeled cells were divided into three categories depending
on whether zyxin accumulation was highest in focal adhesions, onstress ﬁbers, or present at both locations (Fig. 7A). Zyxin remained
mainly in focal adhesions after 3h in low serum prior to applying cyclic
strain, irrespective of geometric differences (Fig. 7A, B). When cells on
rectangles of aspect ratio 1:4 were cyclically strained, a distinct pattern
of zyxin redistribution was seen (Fig. 7A). Around 80% of these cells
showed strong zyxin relocation onto thick actin stress ﬁbers after strain
(Fig. 7C). On the other hand, despite showing strong actin assembly, the
majority of cells on squares and 1:2 rectangles showed either no or
intermediate zyxin redistribution after strain (Fig. 7A); only 20% of
cells exhibited strong zyxin relocation from focal adhesions to stress
ﬁbers (Fig. 7C). In contrast, cells on circles did not show any zyxin
relocation onto stress ﬁbers after strain (Fig. 7A); almost 80% cells still
had zyxin accumulated in focal adhesions (Fig. 7C).
1:4
1:2
Square
Circle
REST STRAIN
Fig. 4. Shape differences inﬁbroblasts do not affectMKL-1 translocation upon cyclic strain.
Mechanically unstressed and stressed ﬁbroblasts (see Materials and methods) were
stained by immunoﬂuorescence for MKL-1, and representative cells are arranged
according to shape under panels ‘rest’ and ‘strain’, respectively. Upon 30 min of cyclic
strain, MAL translocated into the nucleus on all geometries. (Scale bar 50 μm).
1:4
1:2
Square
Circle
REST + Y27 STRAIN + Y27
Ac
tin
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in
Fig. 5. Inhibition of ROCK abolishes cytoskeletal and focal adhesion changes upon
mechanical stress on all geometries. Cells were double immuno-stained for actin
(phalloidin staining; upper panels), and focal adhesions (vinculin staining; lower panels).
A 30min treatment with ROCK speciﬁc inhibitor Y-27632 (2 μM))maintainedmost stress
ﬁbers and focal adhesions on all geometries prior to strain (Rest+Y27). Upon cyclic strain,
Y-27632 treated cells on all patterns failed to show changes in actin cytoskeleton
(c.f. Fig. 3) or in focal adhesions (c.f. Fig. 4) but retracted slightly from the margins of the
patterns (Strain+Y27). (Scale bar 50 μm).
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The present study is based on our earlier observation that the
response of ﬁbroblasts to cyclic strain is heterogeneous when they are
randomly spread on ﬁbronectin-coated silicon membranes. Roughly
half of the cells exhibited a massive increase in actin stress ﬁber
assembly after cyclic strain, however this reaction was delayed and
weaker in the remainder of the cells [11,12]. We therefore speculated
that the response of individual cells to externally applied strain might
in part be controlled by initial physical constraints, namely by the
different cell shapes andhence the structure, alignment and distribution
of actin ﬁbers and matrix adhesions at the start of mechanical
stimulation. To test this hypothesis, we forced ﬁbroblasts into various
deﬁned shapes by plating them on printed ﬁbronectin patterns prior
to applying cyclic strain. On purpose, we kept the spreading area
constant in order to strictly distinguish cell size- from cell shape-
dependent effects. On elastic membranes coated homogeneously with
ECM, cells assume random shapes and orientations; when uniaxial
cyclic strain is applied, they evade it by aligning perpendicular to the
strain direction [47]. In contrast, if e.g. an intact tendon is loaded, its
aligned tenocytes are stretched [48] but do not reorient in vivo, because
cell shape and motility are restricted by the dense ECM. In this respect,
our current paradigm with patterned cells more closely mimics the
situation in intact tissue,where ﬁbroblasts are forced to copewith strain
without undergoing large changes in cell shape and orientation.
Cell shape is an important regulator of cellular processes, and the
extent of cell spreading affects cell proliferation and differentiation
[49–51]. However, only few researchers so far have engineered substrate
patterns to manipulate cell shape while keeping total cell spreading area
constant [36]. For example, a decrease in BrdU incorporation was
reported for vascular smooth muscle cells conﬁned to elongated
compared to circular ﬁbronectin patches of the same size [52]. Another
study [53] found that mesenchymal stem cells could be driven towards
either adipogenesis or osteogenesis depending on speciﬁc shape even
if the spreading area was identical. Thus, it appears that not only the
extent of spreading but also the speciﬁc shape of a cell inﬂuences itsfate. However, these experiments were done under static conditions,
and the response of patterned cells to dynamic mechanical stimulation
has not been explored so far. Our present data indicate that cells with
identical spreading area but different shapes respond to external cyclic
strain in distinct ways, which in turn are likely to affect their gene
expression and differentiation [36].
The shape of ﬁbroblasts and other mesenchymal cells is governed by
the interplay between cytoskeletal dynamics and integrin-mediated
adhesion to the extracellular matrix [54]. Under static conditions,
individual ﬁbroblasts assume their speciﬁc shape by balancing internal
forces generated by the contractile actin cytoskeletonwith external forces
arising from substratemicroarchitecture, stiffness and strain [55]. Changes
in mechanical stress at the ﬁbroblast surface are recorded by cell–matrix
A1:4
1:2
Square
Circle
REST STRAIN
REST
STRAIN
C
B
D
Fig. 6.Cyclic strain induces shape-dependent changes in focal adhesion turnover. (A)Cellswere stained for phosphorylated focal adhesion kinase (p-FAK; upper panels) and the increase in
p-FAK aggregates was quantiﬁed by manually tracing them (lower panels). New p-FAK aggregates primarily appeared at the longer margins of the elongated cells upon cyclic strain
(A). There was around a 3-fold increase in number of p-Y397 aggregates on elongated cells upon strain (B), which corresponded to an increase in total aggregate area per cell (C). At
rest, the total area of p-FAK aggregates per cell was signiﬁcantly higher on squares compared to other geometries (C). The area per individual p-FAK aggregate increased signiﬁcantly
on circles upon strain, but remained similar on other geometries (D). Error bars indicate standard error of the mean, n=30 (***p b 0.001; **p b 0.01; *p b 0.05). (Scale bar 50 μm).
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A prominent and rapid response to cyclic substrate strain is the
integrin-dependent activation of small GTPases Rac1 [58] and RhoA
[12,13,26]. Rac1 activity induces the formation of new focal complexes
and lamellipodia [59], whereas activation of RhoA and ROCK results in
actin assembly and myosin-dependent cell contraction [19]. In effect,
ﬁbroblasts react to an external pulling force by pulling back [60].
However, the magnitude of this response appears to depend on the
organization of F-actin within a cell at the time when external strain
is applied. We have shown earlier that pretreatment of ﬁbroblasts
with thrombin or lysophosphatidic acid,which increases actin assembly
and cytoskeletal traction force, augments their RhoA-dependent
responses to subsequent cyclic substrate strain [12]. This led to our
original hypothesis that a higher level of cytoskeletal pre-stress renders
ﬁbroblasts more sensitive to external mechanical stimulation. Onefactor affecting the intrinsic pre-stress of a ﬁbroblast is its shape.
Using patterned cells on soft substrates, Rape et al. [34] demonstrated
that the traction force of a resting ﬁbroblast is proportional to the
distance from the cell periphery to its center. This was concluded from
measurements showing that rectangular cells developed larger traction
forces than square cells of the same spreading area. Indeed, in our
experiments a higher amount of ﬁbrillar actin persisted in elongated
than in radially symmetric cells under low serum conditions, and it is
generally assumed that the amount of actin stress ﬁbers correlates
with cytoskeletal prestress [61,62]. We therefore speculated at ﬁrst
that due to higher pre-stress, elongated cells should show more
pronounced RhoA-dependent responses to cyclic strain than radially
symmetric cells. However, at least for de novo formation of stress ﬁbers
we observed the reverse, i.e. a larger increase in circle- and square-
shaped cells after strain. One interpretation of our data might be that
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C
Fig. 7. Zyxin relocation from focal adhesion onto stress ﬁbers upon cyclic strain is highest in elongated bipolar cells. (A) Cells were double immuno-stained for stress ﬁberswith rhodamin-
phalloidin (upper panels), andmechanoresponsive focal adhesion associated protein zyxin (lower panels). (B, C) Cells were scored for zyxin redistribution upon cyclic strain and the data
was divided into three categories depending on highest zyxin accumulation, namely on stress ﬁbers (c.f. A; Strain 1:4), within focal adhesions (c.f. A; Rest), or intermediate (c.f. A; Strain
1:2). Upon strain, cells on 1:4 rectangles showed highest zyxin relocation onto stress ﬁbers compared to cells on circles, where zyxin mostly remained within focal adhesions. Error bars
indicate standard error of the mean, n=30. (Scale bar 50 μm).
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and cyclic strain thus fails to induce a further net increase in stress
ﬁbers. Interestingly, however, elongated cells responded to cyclic strain
differently, namely by reorganizing their existing actin stress ﬁbers.
Also contrary to our original expectation, square- and circle-shaped
ﬁbroblasts reacted to external substrate strain more strongly by RhoA/
ROCK-dependent focal adhesion assembly than bipolar cells. In turn,
elongated cells appeared to cope with cyclic strain in a distinct manner,
since we observed a larger increase in the number of pY397-FAK
positive focal complexes/adhesions and a much more pronounced
strain-induced relocation of zyxin from focal adhesions to stress ﬁbers,
compared to square or circular cells. This indicated that long stress
ﬁbers are the most likely to require remodeling and repair after stretch
[32]. Thus, the most important aspect of our ﬁndings is that dependingon cell shape (and thus symmetry [36]; see below), cyclic strain elicits
responses downstream of RhoA that differ in quality, rather than just
in their extent (Fig. 8).
In addition to cytoskeletal prestress, cellular symmetry might be
another parameter bywhich cell shape affects the responses to external
strain [36]. Although we apply biaxial (radial) strain to the substrate,
this strain is perceived differently by circular/square (multipolar) versus
rectangular (bipolar) cells. For circular and square cells, resulting
stresses are equal in the x- and the y-direction. In contrast, in
rectangular cells with focal adhesions located mainly at opposite ends
[34] and stress ﬁbers arranged longitudinally, stress acts primarily on
their long axis. In other words, a bipolar cell shape converts external
biaxial strain into directed, uniaxial cytoskeletal stress. Moreover,
elongated cells conﬁned to patterns cannot evade such uniaxial stress
Fig. 8. Schematic representation of early events occurring in cells with radially symmetric
and bipolar shapes, respectively, upon cyclic strain. The study has shown that cells with
identical spreading area but different shape and symmetry respond to external cyclic
strain in distinct ways. Although, MKL-1 nuclear translocation indicates that RhoA is
activated by strain independently of cell shape, cells arrange their cytoskeleton and
substrate contacts in distinct manners depending on the substrate geometry. Radially
symmetric cells (on circles or squares) exhibit a larger increase in assembly of new actin
stress ﬁbres and focal adhesions upon strain. These are major RhoA/ROCK-dependent
processes that are abolished by ROCK inhibitor Y-27632. In contrast, for bipolar cells (on
elongated rectangles) the response is shifted towards cytoskeletal reorganization and
stretch-induced stress ﬁber repair, as zyxin relocates onto stress ﬁbres upon strain. Also,
the appearance of new p-FAK positive aggregates primarily at the long edges of elongated
cells indicates a higher turnover in focal complexes and adhesions upon strain.
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perpendicular direction (i.e. parallel to the shorter margins of the
rectangle) [8,9]. This fundamental difference in strain perception by
multipolar versus bipolar cells might in part explain their distinct RhoA/
ROCK-dependent responses reported here, although the precise
mechanisms remain to be elucidated.
5. Conclusion
Our data indicate that RhoA is efﬁciently activated in ﬁbroblasts by
cyclic strain independently of cell shape, since we found no difference
in MKL1 translocation after strain between circular, square and
rectangular cells. However, distinct downstream events are triggered
in cells with radially symmetric or bipolar shape, respectively. Circular
and square cells primarily react with F-actin assembly and an increase
in number of mature focal adhesions. In elongated cells, the balance is
shifted toward remodeling/repair of preexisting stress ﬁbers and de
novo formation of focal complexes at cell margins. Thus the speciﬁc
response of a ﬁbroblast to ECM strain is in part controlled by geometry
constraints, and hence by focal adhesion arrangement, cytoskeletal
structure and cellular symmetry at the start of mechanical stimulation.
The cytoskeletal regulators of the switch between F-actin assembly and
F-actin reorganization downstream of integrin and RhoA-dependent
mechanotransduction still need to be identiﬁed. Nevertheless, our
present ﬁndings bear relevance to mechanotransduction in intacttissues such as e.g. tendons, where ﬁbroblasts have a deﬁned elongated
shape and are arranged in a highly ordered manner [63].
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2013.10.012.
Acknowledgments
We are thankful to Marcus Textor for helpful advice, and Susan
Blumer for evaluating some of the experiments and critical reading of
the manuscript. The Swiss National Science Foundation supported this
work (grants no. CR23I2_125290 and CR23I2_140623).
Disclosure statement
The authors declare no conﬂict of interests.
References
[1] T. Mammoto, D.E. Ingber, Mechanical control of tissue and organ development,
Development 137 (2010) 1407–1420.
[2] D. Shook, R. Keller, Mechanisms, mechanics and function of epithelial-mesenchymal
transitions in early development, Mech. Dev. 120 (2003) 1351–1383.
[3] M.A. Wozniak, C.S. Chen, Mechanotransduction in development: a growing role for
contractility, Nat. Rev. Mol. Cell Biol. 10 (2009) 34–43.
[4] H.R. Wirtz, L.G. Dobbs, The effects of mechanical forces on lung functions, Respir.
Physiol. 119 (2000) 1–17.
[5] M. Kjaer, Role of extracellular matrix in adaptation of tendon and skeletal muscle to
mechanical loading, Physiol. Rev. 84 (2004) 649–698.
[6] J.H.-C. Wang, Mechanobiology of tendon, J. Biomech. 39 (2006) 1563–1582.
[7] J.H. Wang, P. Goldschmidt-Clermont, J. Wille, F.C. Yin, Speciﬁcity of endothelial cell
reorientation in response to cyclic mechanical stretching, J. Biomech. 34 (2001)
1563–1572.
[8] A.M.A. Malek, S.S. Izumo, Mechanism of endothelial cell shape change and
cytoskeletal remodeling in response to ﬂuid shear stress, J. Cell Sci. 109 (Pt 4)
(1996) 713–726.
[9] K.B.K. Vartanian, S.J.S. Kirkpatrick, S.R.S. Hanson, M.T.M. Hinds, Endothelial cell
cytoskeletal alignment independent of ﬂuid shear stress on micropatterned
surfaces, Biochem. Biophys. Res. Commun. 371 (2008) 6-6.
[10] B. Geiger, A. Bershadsky, R. Pankov, K.M. Yamada, Transmembrane crosstalk
between the extracellular matrix–cytoskeleton crosstalk, Nat. Rev. Mol. Cell Biol. 2
(2001) 793–805.
[11] M. Chiquet, L. Gelman, R. Lutz, S. Maier, From mechanotransduction to extracellular
matrix gene expression in ﬁbroblasts, Biochim. Biophys. Acta 1793 (2009) 911–920.
[12] A. Sarasa-Renedo, V. Tunc-Civelek, M. Chiquet, Role of RhoA/ROCK-dependent actin
contractility in the induction of tenascin-C by cyclic tensile strain, Exp. Cell Res. 312
(2006) 1361–1370.
[13] S. Maier, R. Lutz, L. Gelman, A. Sarasa-Renedo, S. Schenk, C. Grashoff, M. Chiquet,
Tenascin-C induction by cyclic strain requires integrin-linked kinase, Biochim.
Biophys. Acta 1783 (2008) 1150–1162.
[14] B. Geiger, A. Bershadsky, Assembly and mechanosensory function of focal contacts,
Curr. Opin. Cell Biol. 13 (2001) 584–592.
[15] J.T. Parsons, Focal adhesion kinase: the ﬁrst ten years, J. Cell Sci. 116 (2003)
1409–1416.
[16] D.J. Sieg, C.R. Hauck, D.D. Schlaepfer, Required role of focal adhesion kinase (FAK) for
integrin-stimulated cell migration, J. Cell Sci. 112 (Pt 16) (1999) 2677–2691.
[17] N. Boutahar, A. Guignandon, L. Vico, M.H. Lafage-Proust, Mechanical strain on
osteoblasts activates autophosphorylation of focal adhesion kinase and proline-
rich tyrosine kinase 2 tyrosine sites involved in ERK activation, J. Biol. Chem. 279
(2004) 30588–30599.
[18] A.S. Torsoni, T.M. Marin, L.A. Velloso, K.G. Franchini, RhoA/ROCK signaling is critical
to FAK activation by cyclic stretch in cardiac myocytes, Am. J. Physiol. Heart Circ.
Physiol. 289 (2005) H1488–H1496.
[19] D. Riveline, E. Zamir, N.Q. Balaban, U.S. Schwarz, T. Ishizaki, S. Narumiya, Z. Kam, B.
Geiger, A.D. Bershadsky, Focal contacts as mechanosensors: externally applied local
mechanical force induces growth of focal contacts by an mDia1-dependent and
ROCK-independent mechanism, J. Cell Biol. 153 (2001) 1175–1186.
[20] A. Carisey, R. Tsang, A.M. Greiner, N. Nijenhuis, N. Heath, A. Nazgiewicz, R.
Kemkemer, B. Derby, J. Spatz, C. Ballestrem, Vinculin regulates the recruitment
and release of core focal adhesion proteins in a force-dependent manner, Curr.
Biol. 23 (2013) 271–281.
[21] M.B. Asparuhova, L. Gelman,M. Chiquet, Role of the actin cytoskeleton in tuning cellular
responses to external mechanical stress, Scand. J. Med. Sci. Sports 19 (2009) 490–499.
[22] A.B.J.a.A. Hall, RHO GTPASES, Biochem. Biol. (2007) 1–26.
[23] F. Miralles, G. Posern, A.I. Zaromytidou, R. Treisman, Actin dynamics control SRF
activity by regulation of its coactivator MAL, Cell 113 (2003) 329–342.
[24] M.B. Asparuhova, J. Ferralli, M. Chiquet, R. Chiquet-Ehrismann, The transcriptional
regulator megakaryoblastic leukemia-1 mediates serum response factor-independent
activation of tenascin-C transcription by mechanical stress, FASEB J. 25 (2011)
3477–3488.
[25] X.H. Zhao, C. Laschinger, P. Arora, K. Szaszi, A. Kapus, C.A. McCulloch, Force activates
smooth muscle alpha-actin promoter activity through the Rho signaling pathway, J.
Cell Sci. 120 (2007) 1801–1809.
3425N. Gadhari et al. / Biochimica et Biophysica Acta 1833 (2013) 3415–3425[26] R. Lutz, T. Sakai, M. Chiquet, Pericellular ﬁbronectin is required for RhoA-dependent
responses to cyclic strain in ﬁbroblasts, J. Cell Sci. 123 (2010) 1511–1521.
[27] M.C. Beckerle, Zyxin: zinc ﬁngers at sites of cell adhesion, Bioessays 19 (1997)
949–957.
[28] J. Yi, S. Kloeker, C.C. Jensen, S. Bockholt, H. Honda, H. Hirai, M.C. Beckerle, Members
of the Zyxin family of LIM proteins interact with members of the p130Cas family of
signal transducers, J. Biol. Chem. 277 (2002) 9580–9589.
[29] J. Fradelizi, V. Noireaux, J. Plastino, B. Menichi, D. Louvard, C. Sykes, R.M. Golsteyn, E.
Friederich, ActA and human zyxin harbour Arp2/3-independent actin-polymerization
activity, Nat. Cell Biol. 3 (2001) 699–707.
[30] L.M. Hoffman, C.C. Jensen, A. Chaturvedi, M. Yoshigi, M.C. Beckerle, Stretch-induced
actin remodeling requires targeting of zyxin to stress ﬁbers and recruitment of actin
regulators, Mol. Biol. Cell 23 (2012) 1846–1859.
[31] M. Yoshigi, L.M. Hoffman, C.C. Jensen, H.J. Yost, M.C. Beckerle, Mechanical force
mobilizes zyxin from focal adhesions to actin ﬁlaments and regulates cytoskeletal
reinforcement, J. Cell Biol. 171 (2005) 209–215.
[32] M.A. Smith, E. Blankman, M.L. Gardel, L. Luettjohann, C.M. Waterman, M.C. Beckerle,
A zyxin-mediated mechanism for actin stress ﬁber maintenance and repair, Dev.
Cell 19 (2010) 365–376.
[33] C.S. Chen, M. Mrksich, S. Huang, G.M. Whitesides, D.E. Ingber, Micropatterned
surfaces for control of cell shape, position, and function, Biotechnol. Prog. 14
(1998) 356–363.
[34] A.D. Rape, W.-h. Guo, Y.-l. Wang, The regulation of traction force in relation to cell
shape and focal adhesions, Biomaterials 32 (2011) 2043–2051.
[35] T. Kaufmann, B.J. Ravoo, Stamps, inks and substrates: polymers in microcontact
printing, Polym. Chem. 1 (2010) 371.
[36] M. Thery, Micropatterning as a tool to decipher cell morphogenesis and functions,
J. Cell Sci. 123 (2010) 4201–4213.
[37] M. Brosig, J. Ferralli, L. Gelman, M. Chiquet, R. Chiquet-Ehrismann, Interfering with
the connection between the nucleus and the cytoskeleton affects nuclear rotation,
mechanotransduction and myogenesis, Int. J. Biochem. Cell Biol. 42 (2010)
1717–1728.
[38] M. Thery, M. Piel, Adhesivemicropatterns for cells: a microcontact printing protocol,
Cold Spring Harb. Protoc. 2009 (2009)(pdb.prot5255-pdb.prot5255).
[39] J.V. Small, K. Rottner, I. Kaverina, K.I. Anderson, Assembling an actin cytoskeleton for
cell attachment and movement, Biochim. Biophys. Acta 1404 (1998) 271–281.
[40] D. Choquet, D.P. Felsenfeld, M.P. Sheetz, Extracellular matrix rigidity causes
strengthening of integrin-cytoskeleton linkages, Cell 88 (1997) 39–48.
[41] N.Q. Balaban, U.S. Schwarz, D. Riveline, P. Goichberg, G. Tzur, I. Sabanay, D. Mahalu,
S. Safran, A. Bershadsky, L. Addadi, B. Geiger, Force and focal adhesion assembly: a
close relationship studied using elastic micropatterned substrates, Nat. Cell Biol. 3
(2001) 466–472.
[42] M. Chrzanowska-Wodnicka, K. Burridge, Rho-stimulated contractility drives the
formation of stress ﬁbers and focal adhesions, J. Cell Biol. 133 (1996) 1403–1415.
[43] A. Bershadsky, A. Chausovsky, E. Becker, A. Lyubimova, B. Geiger, Involvement of
microtubules in the control of adhesion-dependent signal transduction, Curr. Biol.
6 (1996) 1279–1289.
[44] S.S. Miyamoto, S.K.S. Akiyama, K.M.K. Yamada, Synergistic roles for receptor
occupancy and aggregation in integrin transmembrane function, Science 267
(1995) 883–885.[45] D. Ilić, Y. Furuta, S. Kanazawa, N. Takeda, K. Sobue, N. Nakatsuji, S. Nomura, J.
Fujimoto, M. Okada, T. Yamamoto, Reduced cell motility and enhanced focal adhesion
contact formation in cells from FAK-deﬁcient mice, Nature 377 (1995) 539–544.
[46] M. Cattaruzza, C. Lattrich, M. Hecker, Focal adhesion protein zyxin is a
mechanosensitive modulator of gene expression in vascular smooth muscle cells,
Hypertension 43 (2004) 726–730.
[47] Q. Chen, W. Li, Z. Quan, B.E. Sumpio, Modulation of vascular smooth muscle cell
alignment by cyclic strain is dependent on reactive oxygen species and P38
mitogen-activated protein kinase, J. Vasc. Surg. 37 (2003) 660–668.
[48] H.R. Screen, D.A. Lee, D.L. Bader, J.C. Shelton, Development of a technique to
determine strains in tendons using the cell nuclei, Biorheology 40 (2003) 361–368.
[49] F.M. Watt, P.W. Jordan, C.H. O'Neill, Cell shape controls terminal differentiation of
human epidermal keratinocytes, Proc. Natl. Acad. Sci. U. S. A. 85 (1988) 5576–5580.
[50] C.S. Chen, M. Mrksich, S. Huang, G.M. Whitesides, D.E. Ingber, Geometric control of
cell life and death, Science 276 (1997) 1425–1428.
[51] R. McBeath, D.M. Pirone, C.M. Nelson, K. Bhadriraju, C.S. Chen, Cell shape,
cytoskeletal tension, and RhoA regulate stem cell lineage commitment, Dev. Cell 6
(2004) 483–495.
[52] R.G. Thakar, Q. Cheng, S. Patel, J. Chu, M. Nasir, D. Liepmann, K. Komvopoulos, S. Li,
Cell-shape regulation of smooth muscle cell proliferation, Biophys. J. 96 (2009)
3423–3432.
[53] K.A. Kilian, B. Bugarija, B.T. Lahn, M. Mrksich, Geometric cues for directing the
differentiation of mesenchymal stem cells, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
4872–4877.
[54] C.S. Chen, J.L. Alonso, E. Ostuni, G.M. Whitesides, D.E. Ingber, Cell shape provides
global control of focal adhesion assembly, Biochem. Biophys. Res. Commun. 307
(2003) 355–361.
[55] M.E. Chicurel, C.S. Chen, D.E. Ingber, Cellular control lies in the balance of forces,
Curr. Opin. Cell Biol. 10 (1998) 232–239.
[56] A. Bershadsky, M. Kozlov, B. Geiger, Adhesion-mediated mechanosensitivity: a time
to experiment, and a time to theorize, Curr. Opin. Cell Biol. 18 (2006) 472–481.
[57] C.S. Chen, Mechanotransduction - a ﬁeld pulling together? J. Cell Sci. 121 (2008)
3285–3292.
[58] A. Kumar, R. Murphy, P. Robinson, L. Wei, A.M. Boriek, Cyclic mechanical strain
inhibits skeletal myogenesis through activation of focal adhesion kinase, Rac-1
GTPase, and NF-kappaB transcription factor, Faseb J. 18 (2004) 1524–1535.
[59] A.B. Jaffe, A. Hall, Rho GTPases: biochemistry and biology, Annu. Rev. Cell Dev. Biol.
21 (2005) 247–269.
[60] G. Giannone, M.P. Sheetz, Substrate rigidity and force deﬁne form through tyrosine
phosphatase and kinase pathways, Trends Cell Biol. 16 (2006) 213–223.
[61] S. Kumar, I.Z. Maxwell, A. Heisterkamp, T.R. Polte, T.P. Lele, M. Salanga, E. Mazur, D.E.
Ingber, Viscoelastic retraction of single living stress ﬁbers and its impact on cell
shape, cytoskeletal organization, and extracellular matrix mechanics, Biophys. J. 90
(2006) 3762–3773.
[62] N. Wang, J.D. Tytell, D.E. Ingber, Mechanotransduction at a distance: mechanically
coupling the extracellular matrix with the nucleus, Nat. Rev. Mol. Cell Biol. 10
(2009) 75–82.
[63] G. Zhang, B.B. Young, Y. Ezura, M. Favata, L.J. Soslowsky, S. Chakravarti, D.E. Birk,
Development of tendon structure and function: regulation of collagen ﬁbrillogenesis,
J. Musculoskelet. Neuronal Interact. 5 (2005) 5–21.
